INTRODUCTION
The requirements for smaller microwave filters with higher performance in all microwave systems are increasing. The footprint of microwave filters is determined not only by the filter topology but also by the dielectric substrate. The configurations of the resonators play a key role in the size of the filter with some filter topologies requiring tighter coupling. Interdigital filters have been proposed [1, 2] , due to small spacing required for coupling between resonators with larger bandwidths; substrates with low dielectric constants have been used. This results in a small compact filter design. The use of stepped impedance resonators (SIR) over the conventional uniform impedance resonators (UIR) designs has reduced the size of the interdigital filter further but has meant that high precision is now required for the fabrication. The high precision is provided by the use of surface micromachining [3, 4] .
Using high resistive silicon substrate has enabled design of small band-pass filters for defence applications. Using the micromachining techniques has also given rise to further development in filter size reduction. The use of this technology has meant that integration with other silicon components on the same wafer is now possible. Integration of the device with other micro-electromechanical system (MEMS) components such as RF MEMS switches and varactors for switch filter banks and tuneable filters. Further reduction in size of the resonators has also been investigated by using bulk micromachining [5] to reduce the thickness of the silicon substrate directly below the capacitive element (low impedance section) on a step impedance resonator and profiling the ground plane. This leads to an increase in capacitance and a further reduction on the filter footprint.
FILTER DESIGN
The two symmetric interdigital filters were designed to be fabricated using silicon micromachining. The specification of the two filters is identical with one filter using conventional UIR. The second filter uses SIR and is mapped from the conventional UIR interdigital design; this is to reduce the overall footprint. The five pole filter design was chosen for its simplicity in design and would also effectively demonstrate the performance between the two filter designs.
The design specification for the given filter design used in this article requires a FBW of 33% at a center frequency of 1.5 GHz. This can be generally considered as having a large FBW. For our demonstration, the filter uses the Chebyshev lowpass prototype 
where Z 0ei,iϩ1 and Z 0oi,iϩ1 denote the even-and odd-mode impedances of coupled uniform lines. The K-coefficients can be easily calculated from the given lowpass prototype [2] and the results for the designed UIR interdigital filter with symmetric coupled lines are summarized in Table 1 . These K-coefficients are then used in determining the layout (see Fig. 1 ) for the designed filter based on the desired even-and odd-mode impedances. The filter dimensions on a high resistive silicon substrate with a dielectric constant of 11.9 and a thickness of 0.525 mm are listed in Table 2 . The simulated performance of the filter shown in Figure 2 matched the requirements given for the filter. The simulation was done using commercially available electromagnetic (EM) simulation software (Sonnet Software Inc., Release 10.52, Liverpool, NY), and the material (conductor and dielectric) losses have been taken into account.
To design the SIR filter, a new approach was adopted. The conventional design approach described previously was based on even-and odd-modes of coupled uniform lines and hence could not be used directly. On the other hand, for narrow-band filter designs, one may employ the well-known method based on the design parameters obtained as
where g denotes the g-values for lowpass prototype, Q el and Q en are the external quality factors of the resonators at the input and output. M i,iϩ1 are the coupling coefficients between the resonators. If we use the same lowpass prototype, we would have a set of design parameters from Eq. (2), which are listed in Table 3 .
The main advantage of using Q and M design parameters lies in that it can be applied to any form of resonators, of course including the SIR. However, this approach is only valid for narrow-band filters, particularly for the fractional bandwidth below 10% for an accurate design. For our case, the required FBW is 33% and therefore, the above design parameters obtained based on Eq. (2) could not be used. To this end, a practical approach for designing SIR wide-band interdigital filters is described as later.
The conventional design using UIR plays a part in the design of the SIR interdigital filter. The UIR design is broken down, so simulation measurements can be taken to obtain a new set of design parameters. These results form a base for designing the SIR interdigital filter.
Each pair of the coupled resonator in the conventional design is modeled in EM software (Sonnet Software Inc., Release 10.52, Liverpool, NY). The typical coupling response of S 21 is shown in Figure 3 . Using the formulation of Eq. (3), a new set of coupling coefficients MЈ i,iϩ1 can then be found, as listed in Table 4 . The first resonator with input tap point is also modeled to find the external Q factor
When compared with Table 3 , it is self-evident that the narrowband approach for wideband SIR interdigital filter design could not be adopted directly. In particular, the external Q in Table 3 is larger than that in Table 4 by more than 45%, which would result in a narrower bandwidth. Hence emphasizes that the technique described in this article had to be adopted.
With the new set of design parameters obtained in Table 4 , the QЈ and MЈ parameters can easily be extracted from EM simulations so as to determine all the dimensions of the SIR interdigital filter. The dimensions of the SIR interdigital filter on the same silicon substrate are shown in Figure 4 . The SIR design was then modeled in the simulation software (Sonnet Software Inc., Release 10.52, Liverpool, NY). The simulated results are plotted in Figure 5 , showing a good match to the frequency response in Figure 2 .
EM simulations were also carried out to investigate the loss effects on the SIR interdigital filter due to conductor, dielectric, and radiation respectively. Figure 6 shows the simulated results, where frequencies are normalized by the center frequency. Each curve shows the passband response when only one loss mechanism was considered. To simulate the conductor loss, 3-m thick aluminum (as fabricated) with a conductivity of 3.72 ϫ 10 7 S/m was assumed. To consider the dielectric loss in the simulation, a dielectric loss tangent of 0.01 for the high resistive silicon substrate was used. From Figure 6 , one can see that the conductor loss is still dominant in this miniature filter. The loss from the silicon substrate is also significant, whereas the radiation loss is negligible.
FABRICATION AND MEASUREMENT RESULTS
Fabrication of the interdigital filters was then carried out on high resistive silicon (Ͼ8 k⍀ cm) and masks were laid out for 100 mm diameter wafers. The conductor and ground plane thickness were specified as 3 m of aluminum. Aluminum was chosen as the conductor because this is the standard foundry metal. Standard IC fabrication techniques were used to pattern the conductor layers with deep reactive ion etching used to via down to the ground plane. Vias holes were metalised with aluminum and have been subsequently tested for good conductivity. A flash layer of gold 0.5 m was also applied to the ground plane to ensure low resistance contact to the test housing. The test pieces were diced and mounted on brass test fixture using epoxy bond as shown in Figure 7 for a fabricated SIR interdigital filter.
The filters were tested using a HP microwave network analyzer. The measured results are given in Figures 8 and 9 for the UIR and SIR interdigital filters respectively. When compared with the simulated results from the EM modeling software, a good agreement can be observed. The FBW of the measured filters was recorded as 33 and 32% respectively. The design requirement was for 33% FBW so the filters have demonstrated that they match with the given specification. The measured wideband responses of both the UIR and SIR interdigital filters are shown in Figure 10 . This highlights one of the additional properties of the SIR; it is its 
Figure 6
Simulated loss effects extended stopband [6] . The ratio of high to low impedance shifts first higher order resonance up to a higher frequency value.
FURTHER DEVELOPMENT WITH MICROMACHINING
The advantage with the use of silicon is the ability for future developments such as silicon under etching to reduce the size of the SIR filter further and integration with other RF MEMS components. For example, using bulk micromachining it is possible to reduce the thickness of the silicon substrate under the capacitive element of the SIR. The ground plane metal is then profiled to the change in thickness of the substrate as shown in Figure 11 . The result is an increase in the capacitance of the element, which leads to a larger ratio of high to low impedance and reduce the length of the SIR. For the demonstration, simulations have been carried out to investigate the possible size reduction. The results of the initial investigation are shown in Table 5 , with up to a 40% reduction in overall resonator length. Q measurements were also taken, showing very little reduction in performance of the resonator.
CONCLUSION
This article has demonstrated the design and construction of two wideband interdigital band pass filters with good test result both in simulation and measurement. The SIR filter design demonstrated the possible reduction in size over the UIR design with a small degradation in performance. The fabrication process was a success providing good via contacts with the micromachining and metal- lization of the vias. Using a flash of gold on the aluminium ground plane provided the low resistance contact to the test housing. The use of silicon micromachining has enabled these devices to be produced on a small scale. Integration with other devices on silicon can now be realized; further development in further reducing the size with bulk micromachining the silicon dielectric has also been proposed.
INTRODUCTION
Photonic crystals (PhC) have a great potential for applications in optical devices [1] . Owing to their relatively high manufacturing costs, it is vital to have precise design tools that can simulate device configurations, predict their performance for a wide range of parameters, and obtain the optimal parameters that yield best performance. The purpose of this work is to develop an approach to optimize the matching of PhC waveguides to external structures, and to apply this approach to match a PhC-based coupled-cavity waveguide (CCW) [2, 3] to free space. Preliminary results have been reported in Ref. 4 and 5. Generally, in its PhC realization, the CCW comprises a linear array of widely-separated, equallyspaced, and identical microcavities in a photonic crystal. Each microcavity is manifested by a local defect that can localize light at a frequency within the original photonic band gap [1, 3] . A 2D example of a PhC comprising dielectric cylinders in a homogeneous background is shown in Figure 1 . In this example, the microcavities are created by removing the corresponding dielectric cylinders. The waveguiding mechanism is based on tunneling of light between adjacent microcavities. The CCW constitutes a narrow-band low group velocity guiding structure, as opposed to a more common photonic crystal waveguide obtained by creating a contiguous line of defects, which supports a relatively wide-band guiding of optical signals [1] . The CCW central frequency is determined by the nature of its basic building block-the local defect, while the CCW bandwidth and group velocity are determined by the intercavity spacing [2, 3] . Because of these properties, this device is potentially an ideal candidate for optical communication tasks such as optical filtering and routing, optical delay lines [6] , and optical parametric amplifiers [7] . Furthermore, it has recently been shown that the CCW can also be used to design ultra-compact optical gyroscopes [8] . Clearly, the ability to match the CCW to the medium or structure surrounding the photonic crystal plays a pivotal role in using this device for the applications discussed above. The design of a matching structure can be formulated as an optimization problem: find the geometry of the output port that minimizes the back-reflections at the CCW terminal-see Figure 1 . In recent years attention has been devoted to the problem of optimization of various aspects of photonic crystal devices [9 -11]. Especial effort was also devoted to the problem of transmission through sharp bends [12] [13] [14] [23] and used it for matching a finite length photonic crystal waveguide. Stochastic optimization methods based on the geometric modifications were also adapted for photonic crystal optimization. T-junction [11] was optimized using a genetic algorithm. Simulated annealing was used for bend optimization [10] . How- 
